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(54) Color measurement instrument capable of obtaining simultaneous polarized and 
nonpolarized data 



(57) A color measurement instrument capable of 
measuring both the nonpolarized spectral response and 
the polarized spectral response of a sample (5) on a sin- 
gle reading. The instrument includes a source of polar- 
ized light (12,14) to illuminate the sample (5), and a de- 
tector (18) for measuring the light reflected by the sam- 
ple. A rotatable filter wheel (16) is located between the 



sample (5) and the detector (18). Nonpolarizing band- 
pass filters (22) and polarizing bandpass filters (20) are 
mounted in the wheel (1 6) in a circular configuration. A 
drive mechanism rotates the wheel (1 6) to automatically 
sequentially align each of the nonpolarizing filters (22) 
and the polarizing filters (20) with the detector (1 8), en- 
abling the instrument to sample both nonpolarized data 
and polarized data on a single reading. 
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Des rlptl n 



E! ^UK^^ to ^ mWUr, ^ ,n,,,,,Jrn nts ' andmor Particulariy to such instruments 
inai us polarized light In making m asurements. 

Snt of P l C .i d K nSity iS US d iu the Printin9 artS b0th 98 3 me asurement «* "* film thickness and as a rough meas- 
ZI of £m ,T 6 w" 9 h k 9 T °' " 9ht refleCt6d ° ff 3,1 ° bject and passi "9 *** a " OP** 1 «■* The 

surface w 1 2 ^ Lht?^^" °* Ct V h " ,d by many thingS ' ' nC,Uding itS SUrface - An ink w(th a s ™°th 
surface will reflect light differently than one with a rough surface. This difference can have a significant effect when 

toDofSounh 0 ' ° f 3 W6t ' nk beC3USe ' Whe " ink ,s firet « fo ™ a surfaced 

or specular" reflection, and the second component is back-scattering from below the surface of the ink The first 
component is the light reflected from the surface of the ink and is associated with a property know mL "gloss" Ze 

Too^ 

^* mt ? mSt ?° d ° f minimizl "9 the difference b ^en a wet-ink reading and a dry-ink reading is (1) to 

2Z J K^t 8 ' f I « lter ° nt0 1,16 SUrfaCe ° f an ° bjeCt and (2) t0 detect the "9 ht ^at is reflected off he 
object through another poianzed filter oriented at 90 degrees to the first polarizing filter. The theory behind such an 

nn^ri^ ! f^Z beC ° mes non P o| arized. ™e cross-polarized filter on the sensor side removes the 

poianzed component of the light, leaving only the light that has been reflected off the paper. Therefore me pnSess 

l iSiZ ?! effeCt ° f ^ ' nk - F ° r eXamp ' e - Whe " ,he samDle is "'^nated'at IT^^Z 

[0005] Unfortunately, polarization weakens the correspondence between the visual impression of the printed sample 
and the measured density value of the printed ink. When polarization is used, it is impotent that ftesS^oS 
optical properties of thepolarizing fitters be taken into account during the a^lgnoftheit^memTnteSfta 

Sl^r rT giVe " " 180 5 " 3 ^ ,S ° 5 ' 4 With0Ut P ° lariZati0 " ™* ,ail to d <> s ° after he add 1 o 

l£l?Z w«T \* n 'TT W " h POlar,Zati ° n that W3S desifined t0 Mnta to ^Pacifications given in 
ISO 5-3 and ISO 5-4 may not conform after the filters have been removed 

f^fitK,^' th ! r ! a ? com P romlse a to the polarization approach. First, the amount of light received by the sensor 
h« S h ^ the f 6t ° f P °' ariZ,n9 f " terS - ^ increases the diffteu| tV in accurately and repeatab I meiuring 
^SX^ST^ ° ri9inal CharaCteristi0S of l "e nght are "lost" when it passes through the cross poized 

of taking a poianzed reading or a nonpolarized reading. These instruments Include polarizing filters that are mechan 

Soo ov ?hJ n ,;°I out of ?' i9 Tl with 109 opHcal engine - The filters ara manual| y m -ed rJSTfSSZi 

?2 u '1 1 V W automatical| y move d in response to keyboard input in Model SpectroEye. In operation the 
Sd m^?^ ^ P0,ariZ6d m0dS ° r ^ nonpolariz ed mode and operates the instrument Jnsfetent Jt the ^ 
ected mode If a user were to attempt to obtain both polarized and nonpolarized readings of a single sample a firtt 

Z id L W °lh need ^ ta i en: ^ merS mUSt bS mani P ula ted; and a second reading must be taken. Sp'riess 
Znct ZtZ^Z T W °f °"T reSUlt in SamP ' ing °' dW6rent SpotS or P° rtions °" tne object, leading to con! 
problems readings also would likely involve different illumination, further contributing to consistency 

!>T!L The afor T e I , !i° ned Pr0b ' emS are 0VerC0me in a first of the present invention wherein both polarized 
date and nonpolarized data is acquired in a single reading. More specifically, the reflected light passes through^ 

n0np0,ariZing f " tere °" 8 Sin9,e ^ding. Consequently, po.arized and nonpoUed date is aCreS 
h a T r ? t !t / P T underiden tical Illumination. In thepreferred embodiment, thefilters are mounted In awheel 
hat rotates dunng a reading to interpose both polarizing and nonpolarizlng filters in the reflected light path 

\TnL^ SeC °H d ? Spect0ftheinvenaon ' thenon P 0| arizedspect ra iresponselssampledatafirstsetofwavelengths- 
on reSP ° n f e b Sampl8d 31 8 SSCOnd set of wavelengths, with the two sets of wavelengths being 

pTa £ed ^ ^a? a „d\T!l r T? eS t non - sampled wavelengths are calculated as a function of the actuai non 
^ k 9 * 1 J f Ua J P °' anZed r6adingS ' Thfe technique enab,es the presentation of complete spectral 
i£Z ~ P0 ' arlZed and non P 0| arized date based on less-than-complete sampled data 

ELI* P Tk inV8mi ? n haS 8SVeral advanta 9es over known color measur ment techniques. First, both th 
T^T^ rT^T^ 0 ^ d,nas,ng ' wading. Second, precisely th same sample spo is 
measur d for both poianzed and nonpolarized date. Third, the polarized and nonpolarized data is acquired under 
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identical lighting conditions. Fourth, theus meed not reconfigure the instrument b tweenpolariz d and nonpolarized 
readings. Fifth, the Instrum nt provid s a common hardwar platform for a seri s of instruments with different func- 
tionality impi m nted primarily in software and firmwar . Sixth, the instrument is straightforward and produces full 
spectral data effici ntiy, economically, and precisely. 

[0011 J Embodiments of the invention will now be described, by way of exampi , with reference to the drawings, of 

Fig. 1 is a side elevation view of the densitometer of the present invention; 
Fig. 2 Is fragmentary cross-section view of the densitometer; 

Fig. 3 Is a diagrammatic view showing the sample, the illuminator, the filters, and the light detector 
Fig. 3A is an enlarged view of the area within circle 3A of Fig. 3; 
Fig. 4 is a plan view of the filter wheel; 

Fig. 5 is a sectional view of the filter wheel taken along Line 5-5 in Fig. 4; 

Fig. 6 is a graph showing the actual reflectance values measured at 1 0 nanometer (nm) increments for a selected 
7D sample; 

Fig. 7 corresponds to Fig. 6 and shows the actual spectral density of the sample at 10 nm increments; 

Figs.8Aand8B are flowcharts Illustrating the algorithm of the present Invention for calculating filtered and unfi^^ 
data based on limited actual data; 

Fig. 9 Is a graph showing the actual polarized and nonpolarized data measured by the present densitometer 
Fig. 1 0 is a graph illustrating the polarization effect of the nine polarizing filters; 
Fig. 11 Is a graph illustrating the spectral displacement weight of each of the polarizing filters- 
Fig. 1 2 is a graph illustrating the density weight of each of the polarizing filters; 
Fig. 13 is a graph illustrating the weight product for each of the polarizing filters; 
Fig. 14 is a graph illustrating the polarization effect product of each of the polarizing filters; 
Fig. 1 5 is a graph illustrating the first calculation of polarized data based on the limited actual data acquired bv the 
instrument; and 

Fig. 16 is a graph illustrating both the polarized data and the nonpolarized data as measured and calculated by 
the instrument, and also the actual polar data as independently measured. 

so I. Overview 

E^L?- d ® nsit0 o m fi er c ° nstruct6d in accordance with a preferred embodiment of the invention is schematically 
illustrated in Figs. 3-3A and generally designated 1 0. The instrument is illustrated in greater detail in Figs 1 -2 which 
are discussed below. Referring to Figs. 3 and 3A, the instrument includes an illuminator 12, an incident polarizing filter 

It^ZrT t,*/* a J Jet6Ct0r 18> ThS fitter Wheel 16 in tum su PP° rts a P ,uralitv of P° lari *ed filters 20 and 
nonpolanzed fitters 22 (see Fig. 4), which will be described in greater detail below. The densitometer 10 is designed 
to read a sample S which includes a paper P or other substrate printed with an ink I. More specifically, the paper P has 
an upper surface U and a lower surface L. The ink I is printed on the upper surface U 

[0013] During a measurement, the illuminator 12 is powered to illuminate the sample S. The polarizing fitter 14 is 
nterposed between the illuminator 12 and the sample S to polarize the light striking the sample. The light reflected 
from the sample S passes through the individual filters 20 and 22 before striking the detector 18. The filter wheel 16 
rota es during a measurement so that the detector can read or sample the light passing through each of the filters 
located about the periphery of the wheel. 

[0014] Dataiscollectedattwenty-twononpolarizedwavelengthsandninepolarizedwavelengthsaswillbedescribed 
The instrument calculates complete polarized and nonpolarized spectral data using a novel methodology. Consequent- 
ly complete polarized and nonpolarized spectral information is produced for the user based on samples for less than 
an or tne information. 

II. Instrument 

J he J hardWare P,atf0mi ,or the present invention is generally well known to those skilled in the art and is 
illustrated in Figs. 1-2. This platform is disclosed and described In greater detail in U.S. Patent 6,002 488 issued De- 
JfT .! r ' t 19 " a " d entit ' ed ° Com P act Spectrophotometer", the disclosure of which Is incorporated by reference 
Only the differences between the previous instrument and the present instrument will be described 
[0016] The filter wheel 16 is Illustrated in greatest detail in Figs. 4 and 5. With the exception of the specific filters 20 
the filter wheel 16 is g nerally well known to those skilled in th art and is illustrated, for example, In the pr viously" 
referenced US. Patent 6,002,488. Th wh elieinclud s a body 30 and a plurality of flit rs 20 supported thereby. Th 
body 30 is integrally formed of a single piec of plastic. The body includ s a hub 32, a disk portion 34, a plurality of 
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10 



?;« P ?u P I ed9 ° 3S * A P ,ura,it y^ windows or op nings40are qually spaced about the p rimeter 

wrthth hub 32 A pair of pins 42 and 44 xt nds upwardly from the p riph ral inner dg andth periph ral outer 
edg .respectively, of each window 40. am penpn rai outer 

[0017] Th selection and arrangement of the polarizing filters 20 and the nonpolarizing filters 22 is unique to the 
present invention. Each filter 20 or 22 is a narrow pass-band filter. q 
[0018] Twenty-two nonpolarizing filters 22 are provided at the following wavelengths: 

Wavelength 
[0019] 



400 
410 
420 
430 
440 
450 
460 

20 470 
480 
490 
500 
520 

& 530 
540 
560 
580 
600 

30 620 
640 
660 
680 
700 

35 

[0020] Nine polarizing filters 20 are provided at the following wavelengths: 
Wavelength 
40 [0021] 



430 
450 
470 

45 490 
520 
540 
560 
600 
640 



55 



[0022] The filter wheel 16 is mounted for rotational movement about hub 32. Accordingly as the wheel rotates the 

^JS2ZT h t fr ° m ^ 9 SSmp,e thr0U9h eaCh ° f the fl,terS Can bQ dete ™ ne * anting, rotation 
and control of the wheel 30 can all be as described in the referenced U.S. Patent 8,002,486. 
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III. Sampl and Light Path 

[0023] A sample S to b m asured by th densitomet r 1 0 is Illustrated in gr atest detail in Fig 3A The samole S 

fnvlS * reSpeCtlVe ^ Substrates other than P-P* are also wel. known and wiin the scope of the pnSen 
Tit ' ,"■ ™ k U T a ?V° Wer SUrfaCeS U and L are Somethin 9 other than fl * ^^ding on the paper or otte 
SSbelid Ine n^TT T* U iS eXa " erat6d R9 - 3A 83 be "* ^tive^rough tolst^ateThe 
SSLSf > Lf I " 1118 Pre8ent inV8ntion is to both substrates considered "smooth" 

SSS^^S^^T"- ^ ' iS Sm00ther ^ the UPPer 9UrtaCe U °" WhlCh tha "* 18 Printed^ b 
oSn^nrfil f « k Sp0tS °" 1,16 ^surface of the paper and therefore provide a relatively flat 

STSd B F 2Srr "? r" 0 ^ il,Um,nating " 9ht by the sam P |6 S - lncident »9M ■***« a fin* ray 
RL1 inHH^nh, * £ ** ^ IL1 13 refleCted by the Upper surface of 0,9 ink 1 to P^uce reflected light ray 

fieSoT ' re P resents "Surface reflection, which RL2 represents back-scattering re- 

£*1^l£££l£ t £- ' S " """^ the nature '"he reflected light 

rays RL1 and RL2 are different. Specifically, light ray RL1 which is reflected by the ink I retains the polarization and 
the efore is polarized. Light ray RL2 which passes through the ink loses *i|JLlonrt!^tt2J^ 

» XESSl i° fi nP0 ' arl2ed ! ilter2 o, in fmer Whee ' 16 paSSeS b0th ° f rays RL1 and RL2 - Howeve^a poSf Sr 
^SmS P k ° y ^ RL5 - * mathematical| y Pressing the data acquired through he polarized and 

IV. Mathematical Algorithm and Processing 

ESi f R9 f h 6 and , 7 illUStra,e thS SCtUal reflectance and spectral density, respectively, of a sample color used as an 
example for th.s application. Fig. 6 includes a polarized reflectance value and a nonpolarized refle^nte value at ea* 
10 nm increment between 400 nm and700 nm inclusive. The reflectance values in Fig 6 are express oercllnl 

£Z££ TT?!*** 450 nm is approximate * 59% ,or *• ^tiSSnSSiSSZ 

dJlIrf > T SP8Ctral d6nSity ValU6S corres P°« ai ng to the reflectance values illustrated in 
Fig. 6. Spectral densrty (DO is calculated according to the following formula: 

Dx='og 10 (ln3t max /R x ) 

where 

Rx = the reflectance at wavelength A. 

Inst max = the maximum reflectance value of the instrument 

tar^h"^ ref, f tance value < lns W) is the maximum reflectance that can be read by the instrument In the pre- 
E2£S2T maXimUm refleCtenCe Va ' Ue ° f ^ ' n8trUment iS 16 °- Refl6Ctan - Values -n e^^oTif 

JESLTE' *mT 7 Sh ° W aCtUa ' ^ f ° r each ° f the 1 0 nm readin S s - 11 ls not P° ssib 'a to directly measure all of 
S^u^h^« ?.f r^," 8 ^ 9 ^ ,nstrument of P^«"« invention. The presentTnstrument attom^^pXSlce 
the actual data illustrated in Figs. 6 and 7 using a limited subset of readings. In other words If the fliter S of 
the present Invention included 62 filters, the algorithm of the present invention would not Xb^tSSS^ 

al«rtZ > ? ° P 6 Pr6Sent a PP |ication - such 8 techniqu would not utilize the processing 

algorithm descnb d in the remainder of this application w**»«"b 

[0029J The total of thirty-one filters was selected becaus this number facilitated hardware implementation bas d 
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then utilizes this less-than-comolete actual data tr, r^JL ~~ , f cqu ' r ~ ^ the unrt - The mathematical algorithm 
and use by. a user of the insZe m ^•"^ P °' a,1Zed a " d non P ol ^d data for dispiay to, 

cated as solid black diamonds and the nZ no^f ^nty^o nonpolarized readings are indi- 

Sn: ,n ^ " St6P 1 ° 6 ' * -* pSaJ Aer is S« g t0 folIowing 



Where 



Rp = Polarization ratio 

Dn = Spectral density of the non-polarized curve 
Dp = Spectral density of the polarized curve 



[0035J For the described example, this results in the following values based on the following data: 



Polarizing Filter 
Nonpolarized Density (D„) 
Polarized Density (Dp) 

Polarization Ratio (Rp) 



430 
0.451 
0.489 


450 
0.436 
0.482 


470 
0.489 
0.539 


490 
0.606 
0.659 


520 
0.626 
0.887 


540 
0.963 
1.029 


560 
1.112 
1.190 


600 
1.298 
1.401 


640 
1.206 
1.296 


1.085 


1.105 


1.102 


1.088 


1.074 


1.069 


1.070 


1.079 


1.074 



E(A.)=D„(X)(Rp-1) 
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Where 

X = A 10 nm wav I ngth along the spectral curv . 
E(X) = Polarization effect at wave! ngth X 
O n (X) = The spectral density at nonpolarized wavelenqth X 
Rp = A polarization ratio 



w 



15 



20 



50 



55 



potariaatten ,«ect at that wavelet^, ■^•P"'* represent. ». 

create a -spectral "S^^^TT^? " m ^ -"i 0 ™ * 3» ™.) This m*™,,,,,,, is ,„ 



Where 



Wx x = The spectral displacement weight factor at wavelength X 

X = The wavelength for which the weight factor is being calculated 

X, = The wavelength at which the polarization effect was measured 

n = The spectral displacement weight decay factor. This is empirically selected to be 3. 

» S3?£ tSST SPCCtral d ' SP,aCemem W6,9M at 430 " m -* - P**— etrect 



Wd x =- 



(1 + |D X - Df |) m 
Where: 



Wd^ = The density weight factor at wavelength X 

D x = The spectral density at nonpolarized wavelength X 
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25 



30 



35 



40 



75 



V 



E w V Wd „x 

n = l 



20 Where; 
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50 



55 



Wd^ = The density weight factor at wavelength X for polarizing filter n 

E i^tSr? ^^f 1 Wel9ht f aCt0r at 3L for polarizing filter n 

E nX = The polarization effect at X for polarizing filter n 

N = The number of polarizing filters 
Where: 

Px = Calculated polarized data at wavelength X 
NP X = Actual nonpolarized data at wavelength A, 
Ex = Weight effect product at wavelength X 

However Fia IS ISZ - « i nor \ po , data ,n F, 9- 9 ^cause it is the actual nonpolarized data in both Has 

there was not an actual pZz* ^ZlSwSlT "T*? r6ad,n9 ' S mM 15 " ,f 
Following step 116 there is Art an mS2i n-Z . ^ ? 9 *' tne P 0,an2ed P°'"t is the calculation of step 116. 
polarized poim W ^ non P° ,an2ed P 0 "* P» erther an actual polarized point or a calculated 

points at 10 nm increments * «wo nonpolarized points are Lagranged to produce thirty-one nonpolarized 

pSed^TattS^Xlee Z TT* * IT™* * 16 a Curve «»» — 
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^ZT^TJl^H T ! 0r *°* the data and * "°"P '^zeddata. 



Claims 
1 



/5 



25 



50 



illuminating the sample with polarized light- 

measuring the nonpolarized spectra, response of the samp,e at a plura.Ky of dfccrete nonpo.arized wave- 

" 2 " ^ptCeXt 9 ^ n ° nP0,ariZed reSP ° nSe - th6 P0 ' arfeed «"«*- «■«• - a sample 

measuring the actual nonpolarized response at a set of nonpolarized wavelenqths- 

5. Tns metnod of claim 2 wherein eeid manuring atepa uomprisa: 

n^l™ 2,"^ "°" l """ lzM ™"» P^ad «»-a on a We, bod,; ana 

6 - isa'Kss' ,he nonpoB,,zM spee,rai m me «— »«— - • -P- 

illuminating the sample with polarized light 
fitting a curve to the actual and calculated polarized data points. 
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and the wav lengths corresponding to th calculated polarized data point. 
8. Th m thod of claim 1 or6 wh rein said m asuring steps compris : 

illuminating the sample with polarized light; 

measuring the nonpolarized light reflected from the sample; and 

10. The method of claim 9 wherein said measuring steps include: 

rTr„ t,n t 9 K n r7 0la ? lng filterS and P0,arizln 9 msrs on a fitter wheel; and 

thS P i e ::r a tT^ 

1 1 . A color measurement instrument comprising: 

illuminator means for illuminating a sample with polarized light- and 

12. n,«*>mmmnmttMmm^*t, 11 wherein said measuring moans comprises: 

a detector; 

a filter body defining a plurality of windows; 
a plurality of nonpolarized filters; 

XSl"**" """*• ° M ^v"" 1 "" M - M ^ M ■«> —« * •« ■«• 

said filter body comprises a wheel having an axis of rotation- 

EttSSS ^ 88ld P0 ' ariZed " a *"»' -«on concentric wfth 

said motive means rotates said wheel about said axis of rotation. 

13. A color measurement instrument comprising: 

an illuminator for directing polarized light onto a sample- 
detector means for detecting light reflected from the sample- and 

XTari^ 
14. The color measurement instrument of claim 13 wherein: 



10 



EP 1 154 247 A2 



said bandpass fill re are mounted in said windows in said fitter wh el; and 

said motive m ans includes m ans for rotating said filter wheel about its axis of rotation. 

. A color measurement Instrument comprising: 

a polarized light source adapted to illuminate a sample with polarized light 

a light detector on a light path from the sample to detect the intensity of lin'ht m k. «. 

? "f ? 9 b8ndpaSS mera in se,ected others ° f "W widows; and 
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MEASURE 22 NONPOLARIZED POINTS 
AND 9 POLARIZED POINTS. — 



102 



LAGRANGE THE 22 NONPOLARIZED 
POINTS TO PRODUCE NONPOLARIZED 
VALUES AT THE CENTER WAVELENGTHS 
OF THE 9 POLARIZED POINTS. 



104 



106 



DETERMINE THE RATIO OF NONPOLARIZED 
TO POLARIZED AT EACH POLARIZED POINT*- - / 



DEFINE DISTANCE WEIGHT EFFECT 
OF EACH POLARIZING FILTER AS THE 
SQUARE OF THE DISTANCE FROM THE FILTER 



108 



CALCULATE THE DENSITY WEIGHT FACTOR 
OF EACH POLARIZING FILTER AS THE LOG 
OF THE REFLECTANCE 



110 



V 

0 



FIG. 8A 
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0 




CALCULATE THE POLARIZATION EFFECT 
PRODUCT OF EACH FILTER AS THE ' 
WEIGHT PRODUCT TIMES THE 
POLARIZATION EFFECT. 



114 



CALCULATE 22 NONIDEAL POLARIZED POINTS 
FROM THE 22 NONPOLARIZED POINTS AT THE 
NONPOLARIZED CENTER WAVELENGTHS 



116 



LAGRANGE THE 22 NONIDEAL POLARIZED POINTS 
TO PRODUCE 31 VALUES AT IDEAL 
WAVELENGTHS. 



118 



LAGRANGE THE 22 NONIDEAL NONPOLARIZED 
POINTS TO PRODUCE 31 VALUES AT IDEAL 
WAVELENGTHS. 



120 



FIG, 8B 
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